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Abstract 
A significant percentage of Water Distribution Systems’ operation costs is due to energy consumption on pumping systems as 
well as lost water due to leakages. The main reason of these high costs is a non-optimized pumping pattern that leads to excessive 
overall pressure on the network. This study presents a methodology that permits to find what would be the optimal pumping 
patter in order to minimize the operation costs. The optimization is done through a GA-EPANET combined process and includes 
Unique Speed Pumps and Variable Speed Pumps as possible solution for the system. 
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1. Introduction 
 
Water Distribution Systems (WDS) require an adequate pressure in order to deliver water to all the consumers. 
Due that this pressure levels cannot be satisfied just by the use of gravity forces, it is necessary to use pumping 
stations that guarantee the correct pressure in the network. Studies have shown that the energy consumed during 
WDS pumping processes represent around the 3% of global energy usage, [1] and from this consumption around 
25% is due to inadequate pumping efficiency [2]. 
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Pumping stations on/off situations are based on previously established pumping patterns, yet these patterns are 
based on engineer experience and not on a hydraulic analysis of the system; this lack of analysis entail two possible 
problematic situations. The first possible situation is a low pressure on the network which implies that water cannot 
be delivered to all consumption locations. The second possible situation would be an excessive pressure on the 
network which implies a possible failure on pipe’s maximum pressure capacity or an incensement on real losses of 
the system [3]. 
This paper present an approach on how to do a combined EPANET-GA optimization process that will reduce the 
WDS operating cost, electricity and leakages, taking into account  that all hydraulic constraints are met. In order to 
explain this cost reduction methodology, three main aspects where studied and so are presented in this paper. The 
first aspect includes an analysis on which should be the adequate variable to control the on/off process of the pumps 
in order to prevent the usage of pre-established pumping patterns. The second aspect refers to an analysis for unique 
velocity pumps and variable velocity pumps; an optimization process was carried for both situations and the 
comparison between the results are presented. The third aspect is a GA analysis for the optimization process 
combined with the explanation of the developed application that permits the usage of the optimization methodology. 
The methodology was tested on various Systems, including C-Town network presented on the Water Distribution 
System Analysis (WDSA) 2014 under the subject Battle for Background Leakage Assessment for Water Networks 
(BBLAWN) [4]; in order to confirm the cost reduction achieved on the process.  
2. Methodology 
2.1. Pumping Systems  
Almost every WDS has a pumping station in charge of giving the system the required pressure for its correct 
functioning. The main elements of the pumping stations are the pumps itself being the ones that collect the water 
from the natural source and propel it to the required height with the adequate flow. There are mainly two different 
types of pumps, Unique Speed Pumps and Variable Speed Pumps. 
2.1.1. Unique Speed Pumps 
Unique Speed Pumps (USP) are the most typical type of pumps. These pumps work with a single characteristic 
curve. The operation point is where the characteristic curve meets the system’s curve; is this pint meets the 
maximum efficiency pint, then the pump is working on its optimal operation point, this situation is represented on 
Fig. 1.  
 
  
Fig. 1. USP optimal operation point Fig 2. VSP optimal operation point 
 
Theoretically an optimal functioning situation is not complicated, yet it is not usually fulfilled due to the 
dependence on the system’s curve. When this happens the only solution is to change the pump in order for the 
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Characteristic Curve meet the requirement for an optimal pumping situation. There is another possible situation, 
installing Variable Speed Pumps.  
2.1.2. Variable Speed Pumps 
Variable Speed Pumps (VSP) are pumps that, as its name indicates, can vary their nominal velocity. Varying a 
pump’s nominal velocity permits to modify its characteristic curve, making easier to reach the optimal operation 
point. As shown in Fig 2, the system and characteristic curve’s intersection point on the original speed situation does 
not meet the maximum efficiency point, so by changing its nominal speed it becomes possible to meet this point and 
so make the pump work in an optimal way.  
Achieving an optimal pumping situation has great advantages in terms of energy cost due that the pumps power 
value decreases.  
2.2. Decision variables  
In order to optimize the patterns is necessary to identify which is the moment where the pump should be turn on or 
off, or on what moment its speed should be modified and what should be these speeds..  
Make decisions about the pumps, either turn on or modify their speed, may depend on many variables and that is 
why it is necessary to identify the best way to make this decision. Three different criteria where identified: Demand 
Patterns, Energy Tariff Patterns and Tank’s levels. 
2.2.1. Demand Patterns and Energy Tariff Patterns 
The first two situations refer to time patters that can be identified for every network. Demand patter represents 
the consumption behavior depending on the time of the day as shown on Fig 3. This patter may permit to select at 
what time of the day pumping should be higher; for example in the presented case, water consumption is higher at 
10:00 am, hence pumping should be the highest at this point. 
The second option, energy tariff patters, has the same representation as the first one, as shown on Fig 4. These 
patter may permit to optimize the time at which pumping should be the higher focused on the time interval at which 
the tariff if the least. For example in given case pumping should be done between 22:00 and 9:00 hours as the tariff 
here are the lowest.  
Although these two options do represent both demand and tariff behavior, they have two main problems. First as 
can be seen on the on both Fig 1 and Fig 2, their behavior is the same. On the times the demand is the highest, so is 
the energy tariff, so the optimization process would not reach the optimal point. The second problem is that these 
patterns are not eternal, if by any reason the demand patters change, or so the energy tariffs, then the optimal 
pumping patters would no longer be optimal, maybe not even functional.  
  
  
Fig 3. Demand Pattern [8] Fig 4 Tariff Pattern [9] 
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2.2.2. Tank’s levels  
Since the networks patters cannot be used as decision variables due to their fixed values, a new solution was 
explored. Tanks are the internal reservoirs of the networks, this means that as the demand becomes higher, its level 
decreases and vice versa, hence they could represent the behavior of the networks regardless if its behavior changes 
over the time. 
In order check the precision of the tank’s level according to the network’s demand, an example network was run 
using EPANET software and the tank’s level report was compared to the demand pattern. Fig 5 shows the tank’s 
level together with the demands patter; it can be seen that their behavior is completely opposite, as expected. A 
better way to check the correlation between the tank’s level and the demand patters is to graph the inverse of the 
level (ܮ݁ݒ݈݁௠௔௫ െ ܮ݁ݒ݈݁௔௖௧௨௔௟ሻ  together with the demand patter, Fig 6. From this analysis comes clear that 
controlling the pumps based on the tanks level is the best option for a continuous and sustainable network 
regulation.  
 
  
Fig 5. Tank’s level-Demand Pattern Fig 6. Inverse Tank’s level-Demand Pattern 
 
2.3. Objective Function  
The objective of this investigation is to reduce the WDS operation cost. The main source of the operation costs 
on WDS is due to energy consumption on the pumping system  
2.3.1. Energy Costs 
There are two possibilities for reducing WDS pumping costs due to energy price, modify the pumps or modify 
the pumping patterns. Modifying the pumps is usually an effective way to reduce the cost due that usually the 
pump’s optimal operation conditions are not met since the system characteristics have changed from the design 
process, yet this option incurs in high investment and so will not be included in this analysis.  
The second option, modifying the pumping patterns, is also a feasible solution to reduce pumping costs and is 
easier to implement. Energy tariffs have different conditions in every country, but generally they vary according to 
the time of the day. When this is the situation, energy tariffs tend to be higher on peak hours, same as water demand. 
Based on this concept, the idea is to do the most pumping during off-peak hours in order for the pumps to use the 
least expensive energy.  
The energy consumed by a pump depend on its power, it is calculated using (1). In this equation, η stands for the 
efficiency, (1 ߩ is the density, ܳ is flow, ݃ is the gravity constant, ܪ௠ is the head of the pump, T is the energy tariff 
and D is the duration of usage of the pump. 
 
(1) 
Since the purpose is to minimize the pumping cost due to energy tariffs, the first objective function is the one 
ܧܥ ൌ
ͳ
ߟ ߩܳ݃ܪ݉
ͳͲͲͲ ܶܦ 
1073 Jessica Bohórquez et al. /  Procedia Engineering  119 ( 2015 )  1069 – 1077 
presented on (2), whereߟ௜ǡ ߩǡ ௜ܳǡ௝ ǡ ݃ǡ ܪ௠೔ǡೕ ǡ ܶ݅ܦ are pump’s i efficiency, flow’s density pump’s ݅ flow at time j, 
gravity, pump’s ݅ head at time j, energy tariff at time j and pump’s ݅ usage duration at time j respectively.  
 
 
(2) 
2.3.2. Non-Revenue Water Costs 
WDS are composed of pipes and unions which theoretically are hermetic, yet this principle is not completely 
fulfilled. Due to pipes’ age or constructive errors the networks lose their tightness permitting water to leak out the 
system; previous studies have shown that these leakages can be as high as the 30% of the total volume transport over 
the system [5] 
System’s leakages are related to two different factors, network’s status (wrong connections and pipe’s orifices) 
and network’s pressure. The first situation can only be solved by a rehabilitation process; the second one must be 
solved by controlling the pressure surface which is an effect of pumping conditions, that is why leakages reduction 
become the second objective function of the problem.  
The total Non-Revenue water cost is calculated by multiplying the volume of water loosed on leakages (Ql,i*D) 
by the local tariff for the leakage (Tl). This multiplication has to be done for every emitter (element representing the 
leaked for every pipe), (3) represent this situation.  
 
 
(3) 
  
Since the purpose of the optimization process is to reduce the cost associated to leakages, the second objective 
function is the one presented on equation 4, where ܰܰǡ ௟ܳǡ௜ ǡ ܦ ௟ܶ  represent the number of emitters in the 
network, Emitter’s ݅ flow due to leakages, time interval during the flow was the same and the cost tariff associated 
to the leakage respectively.  
 
 
(4) 
 
2.3.3. Unified Objective Function 
Since the optimization process is going to be done under a mono-objective procedure, it is necessary to have an 
unified Objective Function that collect both energy cost optimization as well as leakage reduction optimization. The 
equation that covers both subjects is presented under equation 5 where ௘ܲ  ௟ܲ  are the both coefficients for energy 
optimization and leaked optimization, respectively, which permit to adjust the importance given to any of the both 
sub-objectives. 
 
 
(5) 
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2.4. Restrictions 
The objective of the optimization process is to minimize the operation cost maintaining the physic and 
operational limits of the system [6]. During these process 4 restrictions where implemented: keep the system’s 
pressure between the upper and lower limits, ensure that the tanks levels at the end of the simulation are over those 
on the beginning, the tank must not empty and in order to unsure the pump durability, the number of turn on/off 
should be minimum.  
 
2.5. Optimization 
The optimization process had as main objective to fulfill the objective function, equation 5, taking into account 
all restrictions presented. The process was done under a Genetic Algorithm metaheuristic combined with EPANET 
modeling. This process consists on running every pumping situation on EPANET, and through the usage of its 
toolkit [7], evaluate the objective function. This process was followed by GA optimization process which permits to 
identify the best situations and so the process continued.  
2.5.1. Genes for the optimization 
Using the tank’s level for the optimization process means that it must be define at which level does the pump 
turns on or off, or change its velocity. The definition of these levels varies depending whether it is a Unique Speed 
Pump or a Variable Speed Pump.  
For the USP is necessary to define the level at which the pump must be turn on, and the level at which the pump 
must be shut down. This means that there are 4 genes for every pump under this situation as shown on Fig 8. 
 
 
Fig 7. Levels for Unique Speed Pump Fig 8. Gene configuration USP 
 
For the Variable Speed Pumps it is necessary to define which would be the possible velocities at which the pump 
can work, as well as the tank’s levels at which each velocity should be activated. For this case the number of genes 
varies depending on the number of possible velocities for each pump; ܰܩ ൌ ܸ כ ʹ ൅ ͳ where NG and V are the 
number of genes per pump and the number of possible velocities per pump.   
 
 
 
 
Fig 9. Gene configuration VSP Fig 10. Levels for Variable Speed Pump 
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2.5.2. Optimization Process 
The optimization process was done under a classic Genetic Algorithm method. The first generation was randomly 
created based on a list of the possible tanks that could be used for the control process of every pump. The control 
levels were also chosen with a random process taking into account that they must be between a maximum and 
minimum level previously established. For the VSP the velocities were chosen randomly from a list of possible 
velocities for every pump; this way all the genes for every situation were randomly selected.  
Once the first generation was created, each individual (set of genes) was run using EPANET; the results were 
recorded and used to evaluate the objective function. Based on these result each individual was assigned with a 
comparative value in which the one with the least cost on the objective function, received the highest comparative 
value or highest fitness.  
The following generation was formed through 3 different processes, Elite Selection, Mutation and Random 
Creation. The Elite Selection chooses the X number individuals with the highest fitness value and assigned them for 
the following generation. The mutation process choose randomly a Y number of individuals and make a mutation 
process between them; although the selection is done randomly, the higher the individual’s fitness, the higher its 
chance of being choose. The Random Creation process creates Z number of new individuals, using the same process 
as the one used on the first generation, and assigns them to the following generation. All X, Y and Z are predefined 
numbers than may vary, yet the addition must be equal to the total number of individuals in the previous generation.  
Once the new generation in created the process is repeated until the average fitness of the best half of the 
individuals varies less than 1% between two generations. 
 
3. Results and Discussion 
3.1. Study Case 
The optimization process was carried on a 159 pipe network for both USP and VSP situations. The network had a 
total of 3 pumps and after 101 generations the process got to an optimal situation. In the case of USP the energy cost 
reduction, from the best individual on generation 1 to the best individual on generation 101, was of 26%; on the VSP 
case the cost reduction was of 33%.  
 
  
Fig 11. Objective Function Process Fig 12. Average pressure 
 
After the optimization process was done, the final pumping patterns were capable of decreasing average pressure on 
every joint in the network, as shown on Fig 12, reducing the lost water volume due to leakages. A better 
representation for this improvement in shown on Fig 13 and Fig 14 where is possible to appreciate how the 
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maximum and minimum pressures surfaces come closer together from the first to the last generation. For the USP 
case, the leakages reduction was 50% and for the VSP the leakages reduction was 55%.  
 
 
 
 
Fig 13. Initial pressures Fig 14. Final Pressures 
 
The final situation obtained corresponds to a pumping patter, yet this patter is not fixed, but controlled based on 
the selected tank’s level. Table 1 shows the final control for USP, these controls are the ones that assure an optimal 
functioning of the system. Table 2 shows the controlled for the VSP situation, these controls are more extend since 
they must include the possible pump’s velocities as well as their control levels.  
 
Table 1. Optimal solution for USP 
 
 
Table 2. Optimal solution for VSP. 
 
 
4. Conclusions 
Although only one study case is shown in this paper, the methodology was tested on various networks in order to 
checked if the results were consistent. In every solution the general results were the same: energy consumption 
reduction, lost water volume due to leakages reduction and maximum and minimum pressure surface fitted together. 
Also it was noticed in every case that VSP presented higher cost reductions compared to USP.  
Based on the results of the analyzed study cases, it was possible to conclude the optimization algorithm does find 
a pumping patter solution that reduces the WDS’s operation costs. The obtained pumping pattern make the pumps to 
mainly work on low energy tariff times yet fulfilling all the restrictions. These pumping patterns also permit to 
decrease the average pressure on the network which implies that the lost water due to leakages also decreases, 
reducing the operation cost of the system.  
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It was also possible to conclude that through the usage of Variable Speed Pumps, the cost reduction was even 
higher. The main reason is that these pumps have many different characteristic curves which permit to easily reach 
the optimal operation point. Having the option of varying the pump’s velocity permit to pump the exact volume of 
water needed at the exact time, preventing an excessive pressure on the network and so pump overuse. 
An important part of the optimization process is the inclusion of the restrictions. These restrictions assure that the 
obtained solution fulfill the functionality of the system for an unlimited period of time since the tanks are never 
emptied and maintained in a given range of operation. The restriction related with the frequency of turning on and 
off the pumps assures that the pump’s life expectancy is not affected implying and extra reduction on maintenance 
cost.  
 
It is important to clarify that although the results of the optimization process are the pumping patter, the obtained 
patterns are not fixed. These patterns are created through pump’s controls based on tank’s levels; with this kind of 
approach the solution will be optimal beyond any change on the network behavior. For example if an specific are of 
the network changes its consumption pattern, the tank’s level will reflect the change and so the pumping patter will 
change in order maintain the least operation cost.  
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